INTRODUCTION
============

*Chlorella vulgaris* (*C. Vulgaris*) is a genus of single-cell green algae belonging to the *Phylum Chlorophyta* and has been widely acknowledged as a functional food worldwide. It is rich in protein with balanced essential amino acid profiles, lipid, carotenoids, vitamins and minerals ([@b11-ajas-28-1-95]). Due to its rapid multiplication, it is considered as a useful protein candidate among future food resources ([@b10-ajas-28-1-95]). Earlier, intact *C. vulgaris* was known to have low protein digestibility, which was mainly attributed to the presence of rigid cell walls ([@b23-ajas-28-1-95]). However, protein digestibility of *C. vulgaris* fermented with beneficial bacteria or yeasts was dramatically improved in rats ([@b4-ajas-28-1-95]; [@b12-ajas-28-1-95]). In addition to the use of the protein resource for humans, *C. vulgaris* was also tested as a replacement of antibiotics in food-producing animals ([@b26-ajas-28-1-95]). Dietary *C. vulgaris* was reported to possess immunemodulatory activity in broiler chickens ([@b17-ajas-28-1-95]), to increase growth performance in pigs ([@b13-ajas-28-1-95]; [@b26-ajas-28-1-95]), and to enhance egg quality in laying hens ([@b27-ajas-28-1-95]). Despite there being several experiments investigating fermented *C. vulgaris* in broiler chickens, laying hens and pigs, the utilization of fermented *C. vulgaris* as a duck feed additive has never been reported. In the present study, we investigated the effects of fermented *C. vulgaris* on growth performance, meat qualities, cecal microflora, relative weights of organs, and tibia bone characteristics in Pekin ducks.

MATERIALS AND METHODS
=====================

Preparation of fermented *Chlorella vulgaris*
---------------------------------------------

In this study, a commercially available fermented *C. vulgaris* product (CBT^®^, Celltech, Co. Ltd, Eumsung, Korea) was used which was produced by the patent fermentation process as described earlier ([@b27-ajas-28-1-95]). Briefly, *C. vulgaris* was inoculated with baker's yeast and lactic acid bacterium. After 72 h of dry fermentation with cereal broth, fermented *C. vulgaris* was then dried at low temperature and ground into powder. The analyzed chemical contents of the CBT^®^ were as following; crude protein (CP), 24.85%; crude fiber, 5.36%; ether extract, 2.42%; Ca, 0.20%; and P, 0.65%.

Experimental design, animals and management
-------------------------------------------

Three hundred day-old male Pekin ducks were divided into three dietary groups with five replicates (n = 20 ducklings per replicate) in a completely randomized design model. The control basal diet was formulated to meet or exceed the nutrient recommendations of the [@b19-ajas-28-1-95] and [@b16-ajas-28-1-95]. The starter basal diet in a crumble form was fed from hatch to 3 wk, and contained 22% CP and 2,950 kcal nitrogen corrected true metabolizable energy (TMEn)/kg of diet. The grower basal diet in a pellet form was provided from 3 to 6 wk, and had 18% CP and 3,100 TMEn/kg of diet. The formula and chemical compositions of the experimental diets are shown in [Table 1](#t1-ajas-28-1-95){ref-type="table"}. The supplement CBT^®^ was added into the basal diet to the inclusion rate of 0, 1,000, or 2,000 mg/kg. The diet and water were freely available. The ducklings were initially reared at 33°C, and the room temperature was gradually decreased by 4°C weekly to reach 22°C and kept constant thereafter. They were housed on floor pens with rice husks as a bedding material with a 23 h light and 1 h dark cycle throughout the experimental period. All animal care procedures were approved by the Institutional Animal Care and Use Committee at Konkuk University.

Sampling and measurements
-------------------------

The body weight (BW) and feed intake on a pen basis were recorded weekly and used to calculate gain:feed ratio. At the end of experimental period, eight ducks per pen were randomly selected, weighed individually and euthanized by cervical dislocation. At necropsy, right breast and leg meats, liver, spleen and abdominal fat were immediately removed, blotted onto dry towel, weighed and expressed as relative weights per 100 g of BW.

For microbial test, cecal content per bird was aseptically sampled into preweighed sterile tubes and homogenized followed by serial 10-fold dilution with sterile phosphate buffered saline as described elsewhere ([@b18-ajas-28-1-95]). Bacterial total microbes were enumerated on nutrient agar (Difco, BD science, Detroit, MI, USA), presumptive lactic acid bacteria on MRS agar (Difco, BD science, Detroit, MI, USA) and presumptive coliform bacteria on MacConkey agar (Difco, BD science, Detroit, MI, USA). All inoculated plates were incubated aerobically at 37°C for 24 h. The results obtained were presented as base-10 logarithm colony-forming units (cfu) per gram of cecal content ([@b24-ajas-28-1-95]).

To determine the cooking loss, 60 g of fresh breast meat was boiled in polyethylene bag, immersed in 80°C water bath for 30 min, and cooled to room temperature for 30 min. The cooking loss was calculated as the difference between the uncooked and cooked meat ([@b3-ajas-28-1-95]). The water holding capacity was estimated according to the filter paper pressed method ([@b8-ajas-28-1-95]). Approximately, 300 mg of breast meat was weighed on a Whatman filter paper (No. 2, UK) and the sample was pressed between two plexiglass plates for 3 min. The areas of pressed sample and water were measured using planimeter (Type KP-21, mitutoyo, Kawasaki-shi, Japan). The pH of breast meat was measured in triplicate with a pH meter (Model 340, Mettler-Toledo, Urdorf, Switzerland). Briefly, 1 g of breast meat was cut into small pieces, homogenized with 9 mL of distilled water for 1 min in an Ultra-Turrax (Model No. T25, Janke and Kunkel, Staufen, Germany). The instrumental colors of fresh meat, including lightness (L\*), redness (a\*) and yellowness (b\*), were measured by a reflectance colorimeter (CR 210, Minolta, Tokyo, Japan) using illuminant source C. Color was measured in triplicate on the bone-side surface of each sample. The colorimeter was calibrated using a standard white ceramic tile.

The right tibia (meat removed) was used to analyze the breaking strength using an Instron Materials tester (model 3342, Instron Corp., Canton, MA, USA) with Automated Materials Test System software version 4.2. The weights, diameters, and lengths of right tibia were measured. Tibia diameters were calculated as the mean value of both narrow and wide parts. The deformation rate was 5 mm/min. Tracing of force was recorded at a constant rate. The graphs showed the plateau curve of applied maximal force (KN) to measure the bone strength as expressed as energy stored in the bone. After measuring the bone breaking strength, the bones were dried at 105°C, weighed, ashed in a muffle furnace at 600°C for 24 h, cooled in a desiccator, and weighed again.

Statistical analysis
--------------------

The experimental data were analyzed using Generalized Linear Model procedures of SAS ([@b22-ajas-28-1-95]). Orthogonal polynomials contrasts were used to determine the linear and quadratic effects of the dietary CBT^®^ supplementation according to the following general model: Y = μ+α+ɛ, where Y was the observed response variables; μ was the overall mean; α was the effect of diet and ɛ was the random error. The pen was considered as an experimental unit. An alpha level of 0.05 was considered the statistical significance.

RESULTS AND DISCUSSION
======================

Growth performance
------------------

The effect of dietary fermented *C. vulgaris* on growth performance is presented in [Table 2](#t2-ajas-28-1-95){ref-type="table"}. The final BW was linearly (p = 0.001) increased as the inclusion rate of fermented *C. vulgaris* into diets increased. Similarly, dietary *C. vulgaris* linearly increased the BW gain (p = 0.001) and the feed intake (p = 0.001), especially from 1 to 42 days post-hatch. However, there was no significant effect on feed efficiency between the treatment and control groups. Thus, it is concluded that the increased BW in *C. vulgaris*-treated ducks is the consequence of the increase in feed intake, but not by efficient nutrient utilization. It has been suggested ([@b27-ajas-28-1-95]) that fermentation of *C. vulgaris* may improve its flavor as the underlying mechanism of increased feed intake in laying hens. However, it is well understood that taste sensors in poultry are less developed compared with those of the mammals. Thus, further study is needed to clarity the increased feed intake by fermented *C. vulgaris* in Pekin ducks as seen in this study.

Relative weights of various organs
----------------------------------

The effect of dietary fermented *C. vulgaris* on relative weights of the various organs and tissues are presented in [Table 3](#t3-ajas-28-1-95){ref-type="table"}. Relative weights of liver were significantly lowered by dietary fermented *C. vulgaris* (quadratic effect at p = 0.091). At this stage, a clear explanation of the decreased relative weights of liver in response to feeding fermented *C. vulgaris* is unknown and requires further study. Our finding is in contrast to the previous study ([@b27-ajas-28-1-95]) which showed no effect of *C. vulgaris* at the inclusion rate of 1,000 or 2,000 mg/kg in diet on the relative weights of liver in 80-wk-old laying hens compared with those of the control group. The difference in the relative liver weight between our study and [@b27-ajas-28-1-95] could be the breed difference as we used the rapidly growing meat-type duck while the latter used slow-growing laying hens. On the other hand, spleen, abdominal fat, and the breast and leg muscles of ducks when adjusted to 100 g of BW were not affected by supplementation of the fermented *C. vulgaris*.

Cecal microflora
----------------

The findings by [@b21-ajas-28-1-95] who reported that chlorellin, the active component in *Chlorella*, has an antibiotic effect, and by [@b2-ajas-28-1-95] who reported that methanol extracts of *C. vulgaris* lowered *E. coli* and *Salmonella*, prompted us to measure the population of cecal microflora in this study. As shown in [Table 4](#t4-ajas-28-1-95){ref-type="table"}, dietary fermented *C. vulgaris* did not affect total microbes and lactic acid bacteria in cecal contents ([Table 4](#t4-ajas-28-1-95){ref-type="table"}). However, the population of cecal coliform bacteria in ducks fed diet with 2,000 mg/kg fermented *C. vulgaris* tended to be lower compared with their control-diet fed counterparts (linear effect at p = 0.064), indicating that *C. vulgaris* may have a positive effect on improving cecal microflora. [@b9-ajas-28-1-95] reported that when 23 wk-old brown-egg laying hens were fed with powder and pellet forms of *C. vulgaris* at 5 g/kg of diet, the number of *Lactobacilli* spp. increased in the crop and the ceca. In this study, we did not attempt to measure the active components such as chlorellin, which is known to have the antibiotic effect ([@b21-ajas-28-1-95]) or biomolecules which might be produced during the *C. vulgaris* fermentation process with baker's yeast and lactic acid bacterium. It should be pointed out that the concentrations that we used in this study would be sufficient to exhibit the biological effect, if any, on cecal microbiota. In any events, a clear explanation regarding the lack of effect by dietary fermented *C. vulgaris* on cecal microbiota is not readily available.

Physicochemical properties of tibia
-----------------------------------

Dietary fermented *C. vulgaris* did not affect tibia length ([Table 5](#t5-ajas-28-1-95){ref-type="table"}), but it significantly increased breaking strength of the tibia (linear effects at p = 0.001 and quadratic effects at p = 0.01). Although not significant (linear p = 0.080), dietary fermented *C. vulgaris* numerically increased ash content in tibia. Calcium metabolic analysis can be measured by either compressive strength, ash content, mineral content, or bone density measurement ([@b6-ajas-28-1-95]; [@b7-ajas-28-1-95]; [@b1-ajas-28-1-95]; [@b25-ajas-28-1-95]). Thus, increased tibia strength as seen in this study might be related to the enhanced calcium storing capacity of the tibia in ducks fed diets containing the fermented *C. vulgaris*. In humans, short- or long-term intake of Chlorella increased bone density and bone metabolism ([@b14-ajas-28-1-95]), which may support our latter assumption on *C. vulgaris* and calcium metabolism. In any event, further studies on apparent metabolizabilities of calcium and/or phosphorus could explain the observed effect of dietary fermented *C. vulgaris* on the calcium utilization in Pekin duck.

Meat quality
------------

It is reported that *C. vulgaris* contains carotenoids ([@b11-ajas-28-1-95]), which are well-known as coloring agents in skin pigmentation. Thus, various meat quality parameters were measured including meat color intensity, shear force, pH, cooking loss and water holding capacity. The effect of dietary fermented *C. vulgaris* on meat quality is presented in [Table 6](#t6-ajas-28-1-95){ref-type="table"}. Dietary *C. vulgaris* linearly increased (p = 0.012) breast meat yellowness, but no effect on lightness or redness was monitored. In leg meats, dietary *C. vulgaris* significantly increased meat lightness (linear effect at p = 0.002) and yellowness (quadratic effect at p = 0.008). The shear force (p = 0.048) and pH (p = 0.004) of breast meats, but not leg meats were linearly increased by *C. vulargis*. The cooking loss of the breast or leg meats was not affected by dietary *C. vulgaris*. Finally, water hold capacity was increased quadratically (p = 0.044) in breast meat, but not in leg meat, when ducks were fed diets supplemented with *C. vulgaris*.

As expected, the yellowness of duck meats were substantially increased as *C. vulgaris* increased in diets, indicating efficient transfer of active carotenoids present in *C. vulgaris*. In general, poultry skin pigmentation (i.e., yellowness) can be increased by feeding natural or synthetic pigments such as carotenoids in diets ([@b5-ajas-28-1-95]), which was the case in this study. According to the study by [@b20-ajas-28-1-95], the quality of edible meat can be determined by pH, which is associated with water retention capacity and color. Indeed, we also observed that the pH and water hold capacity of the breast meat increased as *C. vulgaris* increased in diet. In our knowledge, this is the first report that fermented *C. vulgaris* enhanced duck meat qualities.

CONCLUSIONS
===========

In conclusion, these results indicated that dietary fermented *C. vulgaris* increased growth performance, tibia bone strength, and enhanced meat qualities in Pekin ducks. It is demonstrated that fermented *C. vulgaris* has strong potentials to produce value-added duck meats and can be introduced as a novel feed additive in duck industry.

This work was supported by the Konkuk University, 2013.

###### 

Ingredients and compositions of the experimental diets

  Items                                                              Starter CBT^®^[1](#tfn2-ajas-28-1-95){ref-type="table-fn"} (mg/kg)   Grower CBT^®^ (mg/kg)                              
  ------------------------------------------------------------------ -------------------------------------------------------------------- ----------------------- -------- -------- -------- --------
  Ingredients (%)                                                                                                                                                                            
   Corn                                                              45.85                                                                45.64                   45.44    59.25    59.04    58.83
   Soybean meal                                                      23.46                                                                23.45                   23.44    18.17    18.17    18.18
   Wheat bran                                                        14.00                                                                14.00                   14.00    9.00     9.00     9.00
   Corn gluten meal                                                  8.31                                                                 8.33                    8.34     5.75     5.77     5.78
   Soybean oil                                                       4.05                                                                 4.13                    4.21     4.20     4.28     4.36
   Dicalcium phosphate                                               1.56                                                                 1.56                    1.56     1.12     1.12     1.12
   Canola meal                                                       1.14                                                                 1.16                    1.18     0.71     0.71     0.71
   Limestone                                                         0.51                                                                 0.51                    0.51     0.64     0.65     0.66
   Pellet-binder                                                     0.50                                                                 0.50                    0.50     0.50     0.50     0.50
   Salt                                                              0.31                                                                 0.31                    0.31     0.31     0.31     0.31
   Poultry mineral mix[2](#tfn3-ajas-28-1-95){ref-type="table-fn"}   0.15                                                                 0.15                    0.15     0.15     0.15     0.15
   Poultry vit mix[3](#tfn4-ajas-28-1-95){ref-type="table-fn"}       0.10                                                                 0.10                    0.10     0.10     0.10     0.10
   Choline-chloride, 50%                                             0.06                                                                 0.06                    0.06     0.10     0.10     0.10
   CBT^®^                                                            \-                                                                   0.10                    0.20     \-       0.10     0.20
   Total                                                             100.00                                                               100.00                  100.00   100.00   100.00   100.00
  Calculated values                                                                                                                                                                          
   CP (%)                                                            22.00                                                                22.00                   22.00    18.00    18.00    18.00
   Ca (%)                                                            0.65                                                                 0.65                    0.65     0.60     0.60     0.60
   Avail. P (%)                                                      0.40                                                                 0.40                    0.40     0.30     0.30     0.30
   Lys (%)                                                           0.99                                                                 0.99                    0.99     0.80     0.80     0.80
   Met (%)                                                           0.41                                                                 0.41                    0.41     0.34     0.34     0.34
   Cys+met (%)                                                       0.81                                                                 0.81                    0.81     0.67     0.67     0.67
   TMEn (kcal/kg)                                                    2,950                                                                2,950                   2,950    3,100    3,100    3,100

CP, crude protein; TMEn, nitrogen corrected true metabolizable energy.

Commercially available fermented *C. vulgaris* product (CBT^®^, Celltech, Co. Ltd, Eumsung, Korea).

Mineral mixture provided the following nutrients per kg of diet: Fe, 30 mg; Zn, 25 mg; Mn, 20 mg; Co, 0.15 mg; Cu, 5 mg; Se, 0.1 mg.

Vitamin mixture provided the following nutrients per kg of diet: vitamin A, 40,000 IU; vitamin D~3~, 8,000 IU; vitamin E, 10 IU; vitamin K~3~, 4 mg; vitamin B~1~, 4 mg; vitamin B~2~, 12 mg; vitamin B~6~, 6 mg; vitamin B~12~, 20 μg; pantothenic acid, 20 mg; folic acid, 2 mg; nicotinic acid, 60 mg.

###### 

Effect of fermented *Chlorella vulgaris* (CBT^®^) on growth performance in Pekin ducks

  Items                  CBT^®^[1](#tfn7-ajas-28-1-95){ref-type="table-fn"} (mg/kg)   SEM     p-value                
  ---------------------- ------------------------------------------------------------ ------- --------- ---- ------- -------
  Initial BW (g/bird)    53                                                           53      53        0    0.317   0.570
  Final BW (g/bird)      2,784                                                        3,075   3,117     52   0.001   0.084
  BW gain (g/bird)                                                                                                   
   1 to 21 d             58                                                           66      63        1    0.023   0.010
   21 to 42 d            75                                                           82      86        2    0.007   0.491
   1 to 42 d             67                                                           74      75        1    0.001   0.122
  Feed intake (g/bird)                                                                                               
   1 to 21 d             95                                                           109     106       3    0.050   0.064
   21 to 42 d            202                                                          220     222       3    0.001   0.104
   1 to 42 d             151                                                          167     166       2    0.001   0.007
  Gain/feed (g/kg)                                                                                                   
   1 to 21 d             606                                                          602     602       14   0.866   0.936
   21 to 42 d            372                                                          375     385       8    0.245   0.766
   1 to 42 d             441                                                          442     451       8    0.418   0.673

SEM, standard error of the means; BW, body weight.

Values are presented as the least square of mean of 5 replicates.

Commercially available fermented *C. vulgaris* product (CBT^®^, Celltech, Co. Ltd, Eumsung, Korea).

###### 

Effect of fermented *Chlorella vulgaris* (CBT^®^) on relative weights of various tissues in Pekin ducks

  Items                              CBT^®^[1](#tfn10-ajas-28-1-95){ref-type="table-fn"} (mg/kg)   SEM    p-value                  
  ---------------------------------- ------------------------------------------------------------- ------ --------- ------ ------- -------
  Liver (g/100 g BW)                 1.71                                                          1.75   1.53      0.05   0.044   0.091
  Spleen (g/100 g BW)                0.04                                                          0.06   0.06      0.01   0.089   0.109
  Bursa of Fabricius (g/100 g BW)    0.09                                                          0.10   0.09      0.01   0.923   0.617
  Abdominal fat (g/100 g BW)         1.31                                                          1.15   1.10      0.08   0.116   0.609
  Right breast muscle (g/100 g BW)   6.06                                                          6.10   6.11      0.22   0.875   0.093
  Right leg muscle (g/100 g BW)      5.38                                                          5.80   5.63      0.12   0.161   0.067

SEM, standard error of the means; BW, body weight.

Values are presented as the least square of mean of 5 replicates.

Commercially available fermented *C. vulgaris* product (CBT^®^, Celltech, Co. Ltd, Eumsung, Korea).

###### 

Effect of fermented *Chlorella vulgaris* (CBT^®^) on cecal microflora in Pekin ducks

  Items                              CBT^®^[1](#tfn13-ajas-28-1-95){ref-type="table-fn"} (mg/kg)   SEM    p-value                  
  ---------------------------------- ------------------------------------------------------------- ------ --------- ------ ------- -------
  Total microbes (log cfu/g)         6.93                                                          7.10   7.04      0.78   0.673   0.597
  Lactic acid bacteria (log cfu/g)   6.62                                                          6.86   6.75      0.24   0.744   0.534
  Coliforms (log cfu/g)              6.10                                                          6.12   5.73      0.12   0.064   0.295

SEM, standard error of the means.

Values are presented as the least square of mean of 5 replicates.

Commercially available fermented *C. vulgaris* product (CBT^®^, Celltech, Co. Ltd, Eumsung, Korea).

###### 

Effect of fermented *Chlorella vulgaris* (CBT^®^) on physicochemical properties of tibia in Pekin ducks

  Items                     CBT^®^[1](#tfn16-ajas-28-1-95){ref-type="table-fn"} (mg/kg)   SEM     p-value                  
  ------------------------- ------------------------------------------------------------- ------- --------- ------ ------- -------
  Tibia length (cm)         11.85                                                         11.63   11.84     1.06   0.932   0.120
  Breaking strength (Kgf)   12.92                                                         17.03   16.80     0.61   0.001   0.010
  Ash (%)                   32.12                                                         37.26   36.23     1.55   0.080   0.125

SEM, standard error of the means.

Values are presented as the least square of mean of 5 replicates.

Commercially available fermented *C. vulgaris* product (CBT^®^, Celltech, Co. Ltd, Eumsung, Korea).

###### 

Effect of fermented *Chlorella vulgaris* (CBT^®^) on meat qualities in Pekin ducks

  Items                                           CBT^®^[1](#tfn19-ajas-28-1-95){ref-type="table-fn"} (mg/kg)   SEM     p-value                  
  ---------------------------- ------------------ ------------------------------------------------------------- ------- --------- ------ ------- -------
  Breast                       Lightness (L\*)    45.55                                                         46.14   44.24     0.85   0.285   0.242
                               Redness (a\*)      13.08                                                         13.23   13.01     0.52   0.934   0.780
                               Yellowness (b\*)   3.13                                                          5.76    5.44      0.62   0.012   0.061
  Leg                          Lightness (L\*)    38.88                                                         39.84   41.2      0.52   0.002   0.756
                               Redness (a\*)      16.48                                                         16.95   15.75     0.56   0.363   0.236
                               Yellowness (b\*)   6.43                                                          8.23    7.07      0.43   0.298   0.008
  Shear force (KN)             Breast             3.28                                                          3.90    3.74      0.16   0.048   0.054
                               Leg                2.93                                                          2.88    2.96      0.11   0.843   0.624
  pH                           Breast             5.89                                                          5.91    5.99      0.02   0.004   0.354
                               Leg                6.86                                                          6.86    6.95      0.04   0.239   0.431
  Cooking loss (%)             Breast             31.59                                                         33.12   31.64     1.49   0.981   0.419
                               Leg                37.54                                                         37.32   34.34     1.18   0.068   0.351
  Water holding capacity (%)   Breast             43.61                                                         49.28   45.98     1.76   0.347   0.044
                               Leg                50.75                                                         46.39   49.91     2.45   0.811   0.197

SEM, standard error of the means.

Values are presented as the least square of mean of 5 replicates.

Commercially available fermented *C. vulgaris* product (CBT^®^, Celltech, Co. Ltd, Eumsung, Korea).

[^1]: Department of Animal Science and Technology, Konkuk University, Seoul143-701, Korea
